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ABSTRACT

This paper provides quantitative information about the paths taken by blown powder particles during laser cladding. A proportion of the
powder is “wasted” by bouncing off the solid areas surrounding the melt pool. This wastage reduces the productivity and profitability of
the process. In this paper, specially developed software was used to analyze high-speed imaging videos of the cladding process, to monitor
the directions of powder particle flight toward and away from the melt pool area. This information has been correlated to the geometry and
position of the melt pool zone for three different cladding techniques: single track cladding (A tracks), standard overlapping track cladding <
(AAA cladding), and a recently developed technique called ABA cladding. The results show that the melt pool geometry, and particularly
the overlap between the melt pool and the incoming powder stream, has a strong influence on powder catchment efficiency. ABA cladding
was found to have considerably better powder catchment efficiency than standard AAA cladding and this improvement can be explained by
consideration of the geometries and positions of the melt pools and surrounding solid material in each case. As powder costs are an impor-
tant factor in industrial laser cladding, the adaption of the ABA technique, and/or control of pool/powder stream overlap (e.g., by making
the powder stream not coaxial with the laser beam), could improve the profitability of the process.
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I. INTRODUCTION powder is expensive and generally cannot be recycled.” This paper
describes the results of an experimental program designed to iden-
tify the total amount of powder that escapes and the directions
taken by the escaping powder particles under various process
parameters as a function of melt pool geometry.

The process parameters investigated included cladding speed,
into the process misses the melt pool and is not incorporated into intertrack distance, and cladding technique. Three cladding tech-
the clad layer.” This “escaping” or “wasted” powder is an important niques were compared: single track cladding (“A” cladding), stan-
feature of the profitability of the cladding process because the dard, overlapping track cladding (AAA cladding), and a recently

Laser cladding is a directed energy deposition (DED) tech-
nique that involves melting a blown stream of metal powder onto a
substrate surface to provide a coating, which has good wear or cor-
rosion properties.' > Unfortunately, a proportion of the powder fed
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developed technique called ABA cladding.”” These three techniques
are described in Fig. 1. High-speed imaging (HSI) videos were taken
of the laser-material interaction area during cladding, and specially
designed software was employed to identify the flight vectors of the
individual particles toward, and away from, the melt pool.

Il. EXPERIMENTAL DETAILS
A. Cladding parameters

Laser cladding experiments were conducted with the following
parameters: 15kW IPG ytterbium-doped, cw fiber laser (1070 nm
wavelength), 3kW power; 150 mm collimating lens and Kugler
mirror optics with a 250 mm focusing mirror; fiber diameter, 100 um,
coupled to a 400 um fiber; beam diameter on the substrate surface,
4 mm (Gaussian energy distribution); and stand-off distance, 13 mm.

The powder was fed through an 8 mm diameter coaxial
COAX 14V5 (Fraunhofer IWS) continuous nozzle (also known as
a ring-slit nozzle). This produced a focused powder stream with a
diameter of approximately 4 mm at the melt pool surface. Argon
was used as the shielding and carrier gas.

The carrier gas flow was 81/min, and the shielding gas flow
was 151/min. 316L stainless steel powder with a size range from
50 to 150um diameter was fed from a gravity-based powder
feeder. The powder feeder was calibrated, and the feed rate used
(26 g/min) was checked experimentally and found to have a stan-
dard deviation of 0.8 g/min. A three-axis ISEL FlatCOM L150 CNC
system was used, with the substrate plates (5mm thick 304S15
stainless steel) clamped to a linear motion table. Both the laser
head and the powder feeder nozzle remained fixed.

Tracks were created using both the AAA and ABA techniques
with a range of intertrack (center to center, see Fig. 1) spacings
between 2 and 4 mm. The tracks comparing “AAA” and “ABA” clads
were carried out at 0.7 m/min. For the solo “A” track cladding experi-
ments, the cladding speed was varied between 0.7 and 1.5 m/min, to
investigate the pool shape changes as a function of process speed.

B. Powder particle trajectory image processing

HSI videos were taken of the cladding zone, and diagnostic
code was written in Python using NumPy, OpenCV, and OpenPIV.
The code’s operations were divided into the following steps: 1. par-
ticle detection, 2. velocity computation, 3. association of directional
vectors to individual particles, and 4. computation of flow rates in
different directions. The code was applied to individual HSI frames
for particle detection, and pairs of consecutive images were used
for the computation of displacement vectors.

The initial step is to achieve a binary image where only the
particles are visible. In addition to the information on particle posi-
tions, the individual frames from the HSI contain high intensity,
low-frequency signals from the deposition area, and high-frequency
low-intensity electronic noise. The first was attenuated through
background intensity removal, while the latter was removed by the
low-pass filtering of the Fourier spectrum of the image.

The operation was repeated twice, until the particle signal
became predominant, and a clear threshold could be used to binar-
ize the image. Finally, particle counting was performed on the
binary image using OpenCV structural analysis toolbox.

ARTICLE pubs.aip.org/lia/jla

The algorithms used to calculate the particle vectors were PIV
(particle image velocimetry) and OF (optical flow). Both algorithms
were applied to the whole image and required two consecutive
frames to analyze the displacement of the particles. PIV was very
effective in computing vectors in high-speed regions of the image,
while OF was more reliable for the regions of low particle speed. It
is important to mention that the original images are used to
compute displacement vectors, since using a binarized image leads
to errors in the cross-correlation-based algorithm.

The steps above identify the direction and velocities in the
regions of interest but do not link them to the individual particles.
In order to associate a vector with every particle, it is necessary to
overlap the binary image obtained in step 1 with the velocity maps
obtained in step 2.

C. Mapping the geometry of the melt pool and its
overlap with the powder stream

Using techniques developed in earlier work,” the plan view
geometry of the weld pool was accurately identified from the HSI
videos. In each case, this could then be mapped onto the circular
cross section of the vertically incident powder stream. From this
information, it was possible to calculate the percentage of the
powder stream that landed in the liquid pool and the proportion
that landed on the surrounding solid material.

The powder stream was coaxial with the laser beam, and both
were circular in cross section. However, it is important to point out
that the melt pools were not circular, and there was generally a lag
between the front edge of the melt pool and the front edge of the
powder stream.

Illl. RESULTS AND DISCUSSION
A. Single “A” track cladding at different speeds

Figure 2 presents a single frame from the HSI video of the
laser-material interaction zone in single “A” track cladding. The
cladding process is moving toward the viewer in this photo. Flight
vectors, calculated as described above, have been added to some
particles (depicted as arrows, the length of which are proportional
to speed).

It is clear from Fig. 2 that most of the descending powder
stream is entering the melt pool. However, a small proportion of
the particles are flying away from the area after rebounding off the
solid material, which surrounds the melt. From the software analy-
sis of the HSI video, it was possible to identify the mass of incom-
ing powder entering the melt pool as a percentage of the total
powder feed rate, and this can be expressed as the powder catch-
ment efficiency.” Figures for powder catchment efficiency can also
be calculated by measuring the cross section of the clad tracks and,
thus, the mass per unit time laid down in the clad layer. Both sets
of results are presented in Fig. 3 and the subsequent figures.

Single track “A” cladding was carried out at a range of speeds.
Figure 3 shows the plan view of the shape of the cladding melt
pools for single “A” tracks at various process speeds (measured
from the HSI videos) with a dotted circle identifying the position
and area of the incident powder stream. Plan views of the melt
pools were chosen because the input powder is effectively a vertical
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FIG. 1. (a) A solo, or initial, “A” track; (b) in standard (AAA) laser cladding, the clad surface is made up of overlapping “identical” tracks (although a few, early tracks differ
from later tracks); (c) in ABA cladding, a set of widely spaced identical “A” tracks are laid down first and then the gaps between them are filled with “B” tracks.

stream. It is interesting to note that, although the range of process
speeds shown here is from 0.7 m/min to over double that value
(1.5 m/min), the reduction in the surface area of the pool is only
20% (from 27.2 to 21.72 mm?). It is clear that there is a gradual
decrease in the powder catchment efficiency with increasing clad-
ding speed.

In Fig. 3, the position of the powder stream for each cladding
speed melt pool was established directly from the HSI video. The

—— Meltpool
Powder stream
Entering powder particles
Escaping powder particles

figure gives the details of the melt pool area, the powder catchment
efficiency, and the percentage area overlap between the powder
stream and the melt pool. It can be seen that, in every case, the
melt pool front lags the front of the powder jet slightly. Under
some processing conditions, this would be expected because the
powder jet and laser are aligned, and the cold, flat substrate would

need some time/distance under the laser beam before melting is |

initiated.

FIG. 2. A frame from the HSI video of single “A” track cladding. Selected particle vectors are shown as arrows (arrow length is proportional to speed).
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1 m/min : 74+4.22%

1.25 m/min : 72.5+4.92%

1.5 m/min : 68.51£6.23%

FIG. 3. Plan views of melt pools in single track “A” cladding as a function of cladding speed. The position and size of the powder stream are indicated as a dotted circle.
“Powder catchment efficiency from particle mass” figures are taken from the HSI video analysis.

It is interesting to note that there is a very good match
between the percentage overlap (powder/pool) and the powder
catchment efficiency. The area overlap between the melt pool and
the powder stream matches the powder catchment efficiency to

100

| LEFT RIGHT |

95 i-—+—| Cladding speed
7 0.7 m/min
E 90 I Fo| —— 1 m/min
S 1 i |——1.25m/min
KSR it S Bl it N M S e 1.5 m/min
T | % Avwg
€ 80+ i o | Error
Q j ! i ! T i :
= ) =R
5 70 i R
g ] et e
& 65 - § ; 3

60

40% 35 30 25 20 15 10 5 0 5 10 15 20 25 30 3540%
Percentage of powder escaping left and right (%)
FIG. 4. Measurements of the powder catchment efficiency of single track “A”

cladding as a function of cladding speed, and the proportions of particles escap-
ing from the cladding zone in the general left and right directions.

within 2% on average, over this range of processing parameters. This
extremely close fit was also evident in the other experiments carried
out in this study (see Sec. IIT E). Given this remarkably accurate

result, a great deal of care was employed to establish the error range :

of the results for the melt pool area measurements, the powder
catchment efficiencies (cross section and particle mass) and melt
pool/powder stream overlap. Each of the underlying measurements
was repeated at least ten times, and the standard deviations were cal-
culated and regarded as the error on each measurement. These were
then combined to produce the overall errors given using the standard
combination of error equations. The resulting errors are presented in
the data boxes in Fig. 3 and other, appropriate figures.

Figure 2 suggests that particles escape from the melt pool to
the right and left of the cladding path. From the HSI analysis
described earlier, it was possible to quantify the proportions of par-
ticles traveling in each direction. The results of this measurement
are presented in Fig. 4 and show that the two general directions of
travel (left and right) were evenly matched. This is not an unex-
pected result as the clad track and melt pool are axi-symmetric
about the axis of travel, as in the case of solo “A” clad tracks.

B. “AAA” cladding with different intertrack spacings

Standard “AAA” cladding (see Fig. 1) was carried out at a
cladding speed of 0.7 m/min with intertrack spacings varied
between 2 and 4 mm. Figure 5 shows a typical HSI single frame
taken from the video recordings. In this case, it can be seen that
the track is being overlapped with the previous one, which means
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FIG. 5. A typical view of “AAA” cladding (in this case, the intertrack spacing was 2.8 mm).

that the melt pool and the surrounding area are not axially sym-
metrical on either side of the axis of movement as they were in the

case of the single “A” track.
Figure 6 shows that, at the minimum intertrack

(2 mm), the melt front is slightly ahead of the powder jet on the

right-hand side where the flat surface of the substrate is being clad.
This could be attributed to the preheating of the area from the

cladding of the previous track, as well as the effect of melt pouring

distance

downward and forward from the sloping melt pool. As the inter-
track distance is increased, this preheating effect is weaker, and the

3
z
g
AAA cladding g
0.7 m/min o
—_—2mm 8- Meltpool area: S
——2.8mm P 2 mm : 27.20+0.16 mm?’ s
——3.6mm 2.8 mm : 28.53+0.34 mm’ g
——4mm ; 3.6 mm : 33.42+0.25 mm?
"""" Powder stream 4'mm: 30.95:0.31 mm?
Powder escape
’g Left hand side and Powder catchment efficiency
£ | Right hand side: from cross-section.:
~ | 2mm:10.5% L, 28% R 2mm: 61.5£3.64%
2| 28mm:5%L,31%R 2.8 mm : 65+3.16%
E | 3.6mm:8%L,245%R 3.6 mm : 68+3.72%
g 4 mm: 8% L, 20% R T | 4 mm : 73+3.28%
8 |';-;-q-i'i-:i'i T ' T T T 1
> A A s e A -2 \¥! 3 5 6 1 8
Powder stream / Meltpool overlap.: R’ A Powder catchment efficiency
2mm: 61.5+7.84% 3 ‘ from particle mass.:
2.8 mm : 64+6.62% R S B 2 mm : 61.5+5.63%
3.6 mm : 67.5+5.25% 1_4 2.8 mm : 64.5+2.53%
4 mm:71.5+6.27% 3.6 mm : 68.5+2.32%
4 mm: 73+3.15%
x coordinate (mm)
FIG. 6. Plan views of melt pools for “AAA” cladding as a function of intertrack distance. The position and size of the powder stream are indicated as a dotted circle.
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FIG. 7. Measurements of the powder catchment efficiency of “AAA” cladding as
a function of intertrack distance, and the proportions of particles escaping from
the cladding zone in the general left and right directions.

melt front lags the powder stream on the right-hand side as the
chilling effect of the substrate becomes dominant.

On the left, the melt front substantially lags the powder
stream in every case. Farlier work by the present authors’ sug-
gested that this is due to the laser interacting with the curved,
sloping “shoulder” of the previous track, which means that the
projected beam has a lower energy density (also, other factors
such as angular dependence of absorption need to be taken into
account).

This distortion of the shape of the melt pool results in an
increase in the percentage of powder, which impacts the

— Meltpool
Powder stream
Entering powder particles
Escaping powder particles
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surrounding solid material. This reduces the melt pool/powder
stream overlap and, thus, the powder catchment efficiency. Figure 6
demonstrates once more that these two measurements are almost
exactly matched. The figures for the melt/powder overlap for this
set of parameters match the powder catchment efficiency within
1.5% on average for this set of parameters.

From Figs. 3 and 6, it is clear that the powder catchment effi-
ciency of the “AAA” process (61.5%-73%) is lower than that of
single track “A” cladding (75.5%-76%) at the same cladding speed
(0.7 m/min). It can also be seen from Fig. 7 that the direction of
travel of the “wasted” powder particles is heavily biased toward the
right-hand side. This makes sense because the “shoulder” of the
previous solidified track is an inclined surface, which will tend to
deflect particles toward the right.

C. “ABA” cladding with different intertrack spacings

“ABA” cladding (see Fig. 1) was also carried out at a cladding
speed of 0.7 m/min with intertrack spacings varied between 2 and
4 mm.

Figure 8 shows a typical HSI single frame taken from the
video recordings. The geometry of the pool in this case is symmet-
rical (see Fig. 1), but the geometry is rather more complex than it
was for the single “A” track.

Figure 9 shows that the central part of the melt front for the
“B” tracks is slightly ahead of the powder stream for ABA cladding
with these parameters. This is probably because the geometry of
the melt pool (caught between the two “A” tracks and sloping for-
wards) tends to pour liquid into the “valley” between the adjoining
“A” tracks. Behind this central section, the melt pool front lags
behind the powder stream slightly. As was the case for AAA clad-
ding, this lag is probably caused by a reduction in the laser power
density of the projected beam on the sloping surfaces of the “A”
tracks. Note that in ABA cladding, preheating effects are reduced
compared to “AAA” cladding. This is because, in many examples

FIG. 8. A typical view of “ABA” cladding (in this case, the intertrack spacing was 2.8 mm).
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FIG. 9. Plan views of melt pools for the “B” tracks in “ABA” cladding as a function of intertrack distance. The position and size of the powder stream are indicated as a
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a valley between two identical hills). Combining these results with Percentage of powder escaping left and right (%)
those for the “A” tracks gives us the average values for ABA clad-
ding, and these are presented in Fig. 10 (colored dots). FIG. 10. Measurements of the powder catchment efficiency of “ABA” cladding
One important feature to note from Fig. 10 is the fact that as a function of intertrack distance, and the proportions of particles escaping
even the average powder catchment efficiency of the ABA process from the cladding zone in the general left and right directions. Results for “B”
is considerably higher (78%-83%) in the case of ABA cladding gﬁjcska?r;gcf(c;oIz)égﬁ)rgzej()).tsl)-\verage restlts for the “ABA" process, °B" tracks
than it is for standard “AAA” cladding (61.5%-72%). ' '
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FIG. 11. A comparison of the wasted powder amounts and flight directions for
“A” “AAA,” and “ABA” cladding.

D. Comparison of the “A,” “AAA,” and “ABA” results

Figure 11 presents the data for the proportion of powder escap-
ing the process zone and direction of travel taken, for all three types
of claddings (“A,” “AAA,” and “ABA”). The information here is pre-
sented as a semicircular histogram of the proportion of powder
wasted as a function of the direction of flight. For example, for
“AAA” cladding, 6% of the particles rebounded at angles between 10°
and 20° to the horizontal. These results demonstrate the following:

A. The symmetrical flight patterns of the particles escaping from
the symmetrical melt pools associated with solo “A” track and
“ABA” cladding.

B. The asymmetry of the escape paths for “AAA” cladding.

C. More powder escapes from the “AAA” cladding process than
from the solo “A” tracks, and the most powder efficient process
is “ABA” cladding.

E. Summary of the “powder stream/melt pool overlap”
results

Figure 12 gathers together all the experimental results above
with regard to powder catchment efficiency as a function of overlap
of the powder stream and the melt pool. It is clear from this figure
that the correlation between the overlap and the powder catchment
efficiency is very close to 100% over the range of process parame-
ters presented here. This is an important result for the laser clad-
ding industry as, in many cases, the process is unidirectional. This
is the case, and the coaxial laser/powder stream nozzles presently
in use may not be the optimum solution.

When cladding in different directions is required, coaxial
systems are the obvious choice. However, for unidirectional cladding
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FIG. 12. The powder catchment efficiency as a function of powder stream/melt
pool overlap.

(e.g., spiral cladding on tubes), the front of the melt pool can lag
slightly behind the front of the laser (and the powder stream). In
these cases, higher powder catchment efficiency may be achieved by
employing ABA cladding or by directing the powder stream slightly
backward so that it overlaps the melt pool more completely. This
strategy is likely to be particularly useful at high cladding speeds
where the laser/melt lag could be substantial. The possible advantage
of an off-axis powder feed has also been noted by Partes.”

IV. CONCLUSIONS

Within the parameter set presented here, and probably more
generally,

o There is an almost exact 1:1 relationship between the powder
stream/melt pool overlap and the powder catchment efficiency in
laser cladding (for powder streams with uniform powder flow).

o Powder catchment efficiency is maximized, for a coaxial powder
feed/laser beam, by employing the ABA cladding process rather
than the traditional AAA technique.

o The routes taken by particles that “escape” from the cladding
process by missing the melt pool and bouncing out of the area
are determined by the shape of the solid material surrounding
the melt.

« To maximize profitability, laser cladding firms should maximize
powder catchment efficiency by maximizing powder stream/melt
pool overlap. This optimization could be achieved by techniques
such as ABA cladding or by introducing a lag between the
powder stream front and the front of the laser beam.
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